The strength of electron-phonon coupling in atomically uniform films of Ag on Fe is determined by angle-resolved photoemission from quantum well states in these films over a wide temperature range. As the film thickness is reduced, contributions from the surface and interface should become more important, and, experimentally, a large enhancement with superimposed quantum oscillations is observed. An analysis of the quantum oscillations indicates that this large enhancement is an interface effect. DOI: 10.1103/PhysRevLett.88.256802 PACS numbers: 73.50.Gr, 73.21. -b, 71.18. +y, 79.60.Dp A strong electron-phonon coupling in solids can lead to interesting and useful properties including superconductivity [1] . This Letter shows that interface effects can substantially modify this coupling and reports a strong enhancement at the Ag͞Fe interface to a level well beyond the BCS threshold for bulk superconductivity. Few techniques are available for probing this type of interaction at a buried interface. Our experiment is an angle-resolved photoemission study of quantum well states, or electron standing waves, in Ag films on Fe(100). These films are prepared with atomic layer perfection, and information about the surface, the interface, and the rest of the film is deduced by varying, monolayer by monolayer, the film thickness [2] [3] [4] . The strength of electron-phonon coupling is extracted from the temperature dependence of the linewidths of the quantum well states. The results reveal quantum oscillations as a function of film thickness and a large enhancement toward small film thicknesses. These effects are shown to be due to the interface. This work is motivated in part by recent discussions of surface effects on electron-phonon coupling and possibly novel surface properties [5] [6] [7] . However, our analysis shows that surface effects typically play an insignificant role. By contrast, interface effects, which can be easily tailored by suitable choices of constituent materials and film thicknesses, offer a much greater potential for practical applications. This optimism is encouraged in part by the recent discovery of a high transition temperature in MgB 2 , a conventional BCS superconductor with a simple layered structure [8] .
A strong electron-phonon coupling in solids can lead to interesting and useful properties including superconductivity [1] . This Letter shows that interface effects can substantially modify this coupling and reports a strong enhancement at the Ag͞Fe interface to a level well beyond the BCS threshold for bulk superconductivity. Few techniques are available for probing this type of interaction at a buried interface. Our experiment is an angle-resolved photoemission study of quantum well states, or electron standing waves, in Ag films on Fe(100). These films are prepared with atomic layer perfection, and information about the surface, the interface, and the rest of the film is deduced by varying, monolayer by monolayer, the film thickness [2] [3] [4] . The strength of electron-phonon coupling is extracted from the temperature dependence of the linewidths of the quantum well states. The results reveal quantum oscillations as a function of film thickness and a large enhancement toward small film thicknesses. These effects are shown to be due to the interface. This work is motivated in part by recent discussions of surface effects on electron-phonon coupling and possibly novel surface properties [5] [6] [7] . However, our analysis shows that surface effects typically play an insignificant role. By contrast, interface effects, which can be easily tailored by suitable choices of constituent materials and film thicknesses, offer a much greater potential for practical applications. This optimism is encouraged in part by the recent discovery of a high transition temperature in MgB 2 , a conventional BCS superconductor with a simple layered structure [8] .
Our photoemission experiment was carried out at the Synchrotron Radiation Center, University of WisconsinMadison, Stoughton, Wisconsin. The substrate was a Fe(100) whisker, onto which epitaxial Ag films were grown by deposition at low temperatures followed by annealing [2 -4] . Additional Ag was added as needed in order to make the coverage equal to an exact integer multiple of a monolayer. A quartz crystal oscillator provided a measure of the amount of Ag deposition. The absolute film thickness in terms of monolayers was determined by the observed discrete peak positions in the photoemission spectra as a function of film thickness. Figure 1 shows some representative photoemission spectra (left panel) taken at normal emission, at a sample temperature of about 100 K, for various Ag film thicknesses N (number of monolayers) on Fe(100). The peaks, derived from quantum well states [2] [3] [4] , become more numerous at larger thicknesses. The atomic uniformity of these films is evident from the lack of mixture of peaks from neighboring thicknesses. The width of each peak is related to the lifetime of the state via the uncertainty principle, and consists of contributions from the bulk and the film boundaries [9] . At higher temperatures, an increased phonon population leads to a higher phonon scattering rate, and hence a shorter lifetime and an increased linewidth. The linewidths, deduced from curve fitting, are plotted in Fig. 1 (right panel) for selected quantum well states as a function of temperature. The increase in the width DE of each peak is linear in temperature T within the range of interest due to a linear increase in the phonon population at high temperatures. The slope of this dependence characterizes the electron-phonon coupling strength. As customarily defined,
is the electron-phonon mass enhancement parameter, where k B is the Boltzmann constant [1, [5] [6] [7] 10] . The values of l deduced from linear fits to data for N 1 through 15 are displayed in the middle panel of First, at small N, where the surface and interface effects can be important, there is a large increase in l. Second, for N 13, two quantum well peaks are included in the analysis, and the results are different, suggesting that l depends not only on N , but also on binding energy. Third, l exhibits oscillatory variations with N , which appear to be correlated with the binding energies of the quantum well states. The binding energies of the quantum well states are governed by the Bohr-Sommerfeld quantization rule
where k is the wave vector of the electron along the surface normal, t is the monolayer thickness, F is the sum of reflection phase shifts at the surface and interface, and n is a quantum number. Both k͑E͒ and F͑E͒ are known to a high degree of accuracy [3] . For the present case, k is near the zone boundary, and it is more convenient to use n 0 N 2 n as the quantum number [4] . The four states in the upper panel of Fig. 2 correspond to n 0 1 4 as labeled.
A simple theoretical model will be presented below to describe the underlying physics. The matrix element for electron-phonon interaction, within the rigid-ion model, is proportional to ͗c 0 j=V jc͘, where c and c 0 are the initial and final states of the electron, respectively, and V is the crystal potential [11] . These two states have the same general form since both are derived from the same Ag sp band. With a normal-emission geometry, the momentum components k x and k y in the surface plane are zero for the initial state. Because phonon energies are small compared with typical electronic energies, c 0 ഠ c exp͓6i͑k x x 1 k y y͔͒, where k x and k y are the in-plane components of the phonon wave vector involved in the scattering (absorption or emission). Taking into account momentum conservation in the surface plane, the scattering probability is proportional to j͗cj=V jc͘j 2 . A sharp potential step at the Ag-Fe interface for the confined states gives rise to a large =V on the order of W ͞j, where W is the interface potential step and j 0.59 Å is the Thomas-Fermi screening length. This can be substantially larger than =V in the bulk, which is on the order of U͞t, where U 3.0 eV is the pseudopotential form factor for the band under consideration and t 2.04 Å. A similar argument can be made for the surface potential step. However, this step is not as sharp as that at the interface between two metals, and for reasons that will become clear below, its contribution is actually unimportant. Adding the density of final states, we arrive at
for the interface contribution in terms of l B for the bulk.
With the interface at z 0, the first factor on the righthand side is approximately proportional to jc͑0͒j 4 . This accounts for much of the interesting physics here. The last factor is a kinematic correction arising from the energy dispersion of the phase shift F [3] . In Eq. (2), the phase shift, expanded to first order, can be absorbed into the first term resulting in an effectively larger quantum well width from N to N 1 n 2t dF dE , where n is the group velocity. This effect leads to a renormalization of the peak width, which is important only for small N and is nearly independent of E.
The bottom panel in Fig. 2 shows the calculated l from a sum of the interface and film contributions, with the surface effect ignored. Wave functions derived from a two-band model are employed in the calculation [4] . The agreement is very good except for N 1. In this extreme quantum limit, the model represented by Eq. (2) is no longer a good approximation because the surface and interface cannot be regarded as being decoupled. Other than this, the overall 1͞N dependence of l as well as the superimposed quantum oscillations is well reproduced. The only parameters used in the calculation are l B 0.29, W ͞U 2.1, and a phase shift term F 0 I to be described below. The values chosen are all very reasonable.
The origin of the quantum oscillations is the dependence of the phonon scattering rate on jc͑0͒j 4 (square of the probability density). The wave functions, with corresponding probability densities illustrated in Fig. 3 for two selected cases, depend on the interface phase shift [12] 
where E L 21.85 eV and E U 0.02 eV are the energies of the lower and upper edges of the confinement gap in Fe, respectively, g 0.088 eV is a broadening parameter, and F 0 I 0.9. Except for F 0 I , all parameters are known from an analysis of the quantum well peak positions as a function of thickness [3] . The arccosine function yields a phase shift of 2p at the lower edge of the gap and 0 at the upper edge. The wave function shown in Fig. 3 for N 4 and n 0 2, with a binding energy near the lower edge, has an interface phase shift close to 2p (a node), and hence the amplitude is rather small there. This leads to a suppressed interface contribution and hence a small l as the experiment shows (Fig. 2) . The other case (N 7 and n 0 2), with an energy close to the upper edge, has a small phase shift (an antinode) and hence a large amplitude. This leads to a large interface contribution as seen in the experiment.
Thus, the quantum oscillations are a direct consequence of the phase shift variation of p across the confinement gap at the interface. By contrast, the phase variation at the surface potential step is much smaller, because the energy range of interest is much below the vacuum barrier. The phase shift is close to that for an infinitely high barrier, namely, 2p. The wave function thus has a node near the surface plane and a small amplitude there for the energy range of interest, as illustrated by the two cases shown in Fig. 3 . The surface contribution to the electron-phonon coupling is therefore suppressed and shows no quantum oscillations.
While our model works very well, there are other effects that can be important if a more accurate description is desired. For example, the phonon spectrum can change as a function of film thickness. This is a relatively minor effect, because Ag and Fe each have just three acoustic branches, and none of the Ag phonon modes are confined. Within the high-temperature limit as is appropriate here, the details of the phonon density of states become irrelevant. Another factor ignored here is the possibility of surface defect generation at high temperatures. This would likely affect all films in the same manner except at very low thicknesses such as N 1, where the disagreement between our model and experiment is the largest. Thermal expansion and the temperature dependence of band structure and electron-electron scattering can also affect the results, but these are fairly minor effects [13] .
Several conclusions can be drawn. Suppression of electron-phonon coupling at surfaces appears to be a fairly general phenomenon for deeply bound states because of the small value of jc͑z͒j 4 near the surface. Occupied surface states in noble metals are known to have small electron-phonon mass enhancement parameters [14 -16] . Certain shallow surface states, however, can penetrate the surface barrier significantly and couple more strongly to phonons via a large =V [5, 6] . At an interface, the phase shift can take on large variations, and coupling to phonons can be very strong for states with an antinode overlapping the interface potential step. Can this interface-enhanced coupling lead to novel superconductivity? Experiments are needed to explore this possibility. It is interesting to note that the value of l determined in this work at small N exceeds by a large margin the BCS threshold of l ϳ 0.3 for bulk superconductivity [1] .
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